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Abstract 

An experimental investigation of the viscosity overshoot phenomenon 
observed during uniaxial extension of a low density polyethylene is pre- 
sented. For this purpose, traditional integral viscosity measurements on 
a Miinstedt type extensional rheometer are combined with local mea- 
surements based on the in-situ visualization of the sample under exten- 
sion. For elongational experiments at constant strain rates within a wide 
range of Weissenberg numbers (Wi), three distinct deformation regimes 
are identified. Corresponding to low values of Wi (regime I), the tensile 
stress displays a broad maximum. This maximum can be explained by 
simple mathematical arguments as a result of low deformation rates and it 
should not be confused with the viscosity overshoot phenomenon. Corre- 
sponding to intermediate values of Wi (regime II), a local maximum of the 
integral extensional viscosity is systematically observed. However, within 
this regime, the local viscosity measurements reveal no maximum, but a 
plateau. Careful inspection of the images of samples within this regime 
shows that, corresponding to the maximum of the integral viscosity, sec- 
ondary necks develop along the sample. The emergence of a maximum 
of the integral elongational viscosity is thus related to the distinct in- 
homogeneity of deformation states and is not related to the rheological 
properties of the material. In the fast stretching limit (high Wi, regime 
III), the overall geometric uniformity of the sample is well preserved, no 
secondary necks are observed and both the integral and the local transient 
elongational viscosity show no maximum. A detailed comparison of the 
experimental findings with results from literature is presented. 



1 Introduction 

Uniaxial extension is the dominant flow in many industrial processes and, there- 
fore, accurate measurements of the extensional rheological properties of poly- 
mer melts are very important. From a more fundamental point of view, reliable 
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measurements of the rheological properties in extension are crucial for vali- 
dating existing theoretical models and suggesting new approaches. In spite of 
the universally recognized need for reliable elongational measurements of poly- 
mer melts, the development of extensional rheometric equipment has progressed 
slowly during the past three decades. A reliable design of an extensional rheome- 
ter has met several practical difficulties and one of the taughest is to generate 
a homogeneous extensional flow. Several techniques to measure the elonga- 
tional properties of polymer melts have been proposed: th e Rhe ometrics Melt 
Extensiometer (RME) by Meissner Meissner and Hostettler| ( |l994| ) , the support- 
ing oil bath design by Munstedt Miinstedt ( 1979 ), and the SER by Sentmanat 
( |2003b |a|). A comprehensive review of these different approaches 



Sentmanat 



to extensional rheology of polymer melts is beyond the scope of this investiga- 



tion and can be found in Schweizer (2000) and more recently in Iropea et al 
( [2007 ). We note that for each of these approaches the homogeneity of defor- 
mation states is crucial for reliably assessing the elongational properties of the 
material. Though previously recognized by most experimentalists, it is our be- 
lief that this issue did not receive the proper attention. Only very recently the 
true danger of sample non-uniformity during elongation has been made explicit, 
by measuring locally both the stresses and the strain and showing that in the 
case of strongly nonuniform samples the classical extensional measurements be- 
come completely unreliable, Burghelea et al. ( 2009| ). In Burghelea et al. (2009) 
it has been demonstrated by combined traditional integral viscosity measure- 
ments and local viscosity measurements based on in-situ local measurements 
of the sample diameter that geometric non-uniformities of the sample under 
elongation typically result in completely unreliable viscosity data. Moreover, it 
has been shown that even initially homogeneous (perfectly cylindrical) samples 
loose their uniformity at high enough Hencky strains and thus, the impact of 
sample non-homogeneity on the viscosity measurements is always an issue to 
worry about during extensional tests. Also very recently, a full numerical simu- 
lation of the extension process in a SER rheometer demonstrated that the loss 
of sample homogeneity during deformation leads to a strong strain localization 
along the sample which ultimately translates into unreliable measurements of 

~ fl2009|) , |Lylme et al.| (|2009|) 



the transient elongational viscosity Yu. et al 



He re a more elaborated version of the method proposed in Burghelea et al 
( [2009 ) is employed to investigate a long standing problem in the extensional 
rheology of polymer melts, the viscosity (or tensile stress) overshoot observed 
during the uniaxial extension of some polymer melts at a constant rate of de- 
formation. 

Since the early days of extensional rheometry it has been observed that 
some strain hardening materials under uniaxial extension display a clear max- 
imum in the transient extensional viscosity right before (typically within less 
than a Hencky strain unit) the physical rupture of the sample Hepperle anc 
Miinstedt| (|2005| ), |Raible et aL] ( |1979| ), [Meissner and Hostettlei] ( |1994|), jNielseii 



et al 



et al 



(2006). There is only one experimental paper we are aware of Rasmussen 
(2005), which also presents an extended (over several Hencky strain units 
prior to the physical rupture of the sample) plateau after the stress maximum. 
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However, the authors of this study present no experimental evidence on the 
homogeneity of the sample during the elongation process. This local maximum 
in the tensile stress, followed or not by a plateau, has been coined as "viscosity 
overshoot ". The existence of a true viscosity overshoot is important from both 
a practical and a fundamental point of view. In many processing and industrial 
settings it is important to know whether a true steady state behaviour can be 
reached under extension at a constant rate and if not, to understand how this 
fact influences the physical rupture of the material. From a theoretical point of 
view, in our opinion, this phenomenon is not yet fully understood. The POM- 
POM model for branched polymer melts McLeish and Larson] ( |l998[) and the 
molecular stress function (MSF) model Wagner et al. ( [2001 ) predict a monotone 
increase of the transient extensional viscosity. Other theoretical works, however, 
are able to pre d ict an overshoot in viscosity, Wagner et al. ( 1979| ), Wagner ancj 
Rol6n-Garrido| ( |2008| ). Even more worrying, recent theoretical models seem to 
be able to fit both a maximum and/or a steady state of the transient exten- 



sional viscosity Wagner and Rolon-Garridc (2008). This simply means that the 
phenomenology behind the stress maximum/overshoot remains elusive. 

The implications of the stress overshoot phenomenon during uniaxial exten- 
sion are, in our opinion, even more important. Recently, based on the observa- 
tion of the stress overshoot phenomenon in both uniaxial extension of polymer 



melts Boukany and Wang (2009), Wang et al. (2007) and startup shear of en- 



tangled polymer solutions Ravindranath and Wang ( 2008), a universality claim 
"Entangled liquids are solids" has been very recently formulated Wang ( 2008[ ). 
Though we do understand how important and appealing a universal behaviour 
is and we do accept that some similarities between polymer melts under elon- 
gation and entangled solutions in startup shear may exist, we believe that the 
claim above should be still considered very cautiously, at least because of the 
reasons below: 

1. The term "overshoot" implies, to our best understanding, a local maxi- 
mum followed by a plateau corresponding to lower stress values. Whereas 



such plateau has been observed for entangled solutions Ravindranath an 
Wang| (E008I), the data concerning polymer melts presented in p3oukany| 



and Wang (2009), Wang et al. (2007) display only a maximum but no 
plateau: the sample breaks just after the maximum. A true overshoot 
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behavior (a maximum followed by a plateau) has been observed in Ras- 
mussen et al. (2005) but at much higher Hencky strains. 



2. The stress overshoot during the uniaxial extension of entangled polymer 
melts reported in Boukany and Wang] ( 2009| ), Wang et al. (2007) refers 
to the so-called "engineering stress" which is not a real stress but just a 
tensile force normalized by a constant (the initial area of the sample under 
investigation). The (physical) true stress (which is calculated by dividing 
the tensile force by the actual cross section of the sample) does not always 
exhibit an overshoot behaviour and if it does (e.g. for the strain hardening 
materials at high enough rates of deformation) this occurs at significantly 
larger Hencky strains. 
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In the view of the remarks above, we believe that before an analogy between 



the stress maximum (and only rarely a true stress overshoot, Rasmussen et al 
( [2005 )) observed for polymer melts under extension and the stress overshoot 
observed for entangled polymer solutions in startup shear is stated, a deeper 
understanding of each phenomenon is needed. 

As the elongational viscosity overshoot phenomenon has been observed at 
high Hencky strains, prior to the physical rupture of the sample, a proper under- 
standing of this phenomenon might also shed light on d ifferent mechani s ms of 
failur e during elongation, which remains an elusive goal Joshi and Denn ( [2003 , 
20041) . 



2 Description of the experiments 

2.1 Experimental apparatus and techniques 

The experiments have been conducted with a Miinstedt type extensional rheome- 
ter built in the house which is illustr ated in Fig. 1(a) . A d etailed description 



of this device can be found elsewhere, Miinstedt et al. ( 1998 ). The specimen S 



under investigation is clamped between the plates Pi and P2 of the rheometer 
and immersed in a silicone oil bath C to minimize gravity and buoyancy effects, 
Fig. 0(a). 

While the bottom plate P2 is stationary, the top plate Pi is moved verti- 
cally by an AC-servo motor M, controlled by an analogue to digital converter 
installed on the computer PCi . The sample is illuminated from behind by to 
linear light sources LSi and LS 2 disposed as shown in the schematic top view 
presented in Fig. 1 (b). The idea behind the back- light illumination arrange- 
ment is to obtain a maximum of brightness only on the edges of the sample and 
thus to allow accurate identification of the sample edges and reliably measure its 
diameter. A major difficulty in imaging a considerably elongated sample comes 
from the high aspect ratio (height to width) of the corresponding field of view, 
which during extensional experiments at large Hencky strains may be as large 
as 1 : 50. If a regular entocentric lens (with the entrance pupil located inside 
the lens) is used both the resolution and the level of geometrical distortion are 
unsatisfactory for high accuracy measurements of the sample diameter. Addi- 
tionally, corresponding to large Hencky strains, both the frame brightness and 
the degree of focusing become uneven through the field of view if the sample is 
imaged in divergent light. To circumvent these problems, we use in our study a 
high resolution telecentric lens with the entrance pupil located at infinity, (Vi- 
sionMes 225/11/0.1, Carl Zeiss) which images the sample in parallel light and 
delivers frames with very uniform brightness and free of distortions (geometri- 
cal aberrations), perspective errors and edge position uncertainties. A typical 
image of the sample is presented in Fig. [l] (c) . Images of the sample under elon- 
gation are acquired in real time using a high resolution (3000 by 1400 pixels full 
frame, which translates into roughly 60 fim spatial resolution) low noise camera 
(Pixelink from Edmunds Optics) at a speed of 3 frames per second. The video 
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Figure 1: (a) Schematic view of the experimental apparatus: C- oil bath, Pi 
and P2 - top and bottom plates of the rheometer, S- the sample under inves- 
tigation, M- AC servo motor, D- the control drive of the rheometer, PC1.2 
- personal computers, TL- telecentric lens, CCD- video camera, (b) Sample 
illumination and imaging: LSi and LS2- linear light sources, S- the sample un- 
der investigation, (c) Example of a telecentric sample image corresponding to 
en = 2.7. The field of view was actually larger but the image has been cropped 
for clarity reasons, (d) Principle of the local measurements of the extensional 
viscosity. The vertical dotted lines represent the contour of an ideal uniform 
sample. 
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M w (kg/mol) 


M w /M n 


7] (Pas) 


(10 4 Pa - 1 ) 


A(s) 


377 18 


833000 


13.5 


1100 



Table 1: Molecular and rheological characteristics of Lupolen 1840 D at T = 
U0°C. 



camera is installed on a second computer, PC2. The image acquisition is dig- 
itally synchronized with the rheometer via a transistor-transistor logic (TTL) 
trigger signal sent by the rheometer drive D to the camera. 



2.2 Materials and their rheological properties 

The material used in this study is a low-density polyethylene from Lyondell 
Bassel with the trade name Lupolen 1840 D. Several molecular and rheological 
characteristics of the material are summarized in Table [l]. LDPE 1840 D has 
a branched molecular structure which has been systematically characterized by 

( 1990a| |bj). It has a broad molar 
and a pronounced high 



Nordmaier and co-workers Nordmaier et al 



mass distribution with a rather large molar mass 
molar mass tail. 

The influence of the broadly distributed molar mass and the branched molec- 
ular structure of the material on its rheological p roper ties in shear has been 
recently investigated experimentally Resch et al. ( 2009 ). Due to the broadly 
distributed molar mass and the degree of chain branching, the maximum re- 
laxation time of the material, A, is quite high. It is calculated as A — J® ■ 770 , 
where J® and 770 are the steady -state recoverable compliance and the zero shear 
viscosity, respectively. 



2.3 Preparation of the samples 

For elongational measurements in the Miinstedt rheometer cylindrical specimens 
were used. At first a strand was extruded through a capillary at 190 °C using 
a piston extrusion machine. The diameter D of the die was 4.6 mm, the length 
L = 18.4 mm, and the apparent shear stress applied was 43.7 kPa. These ex- 
trusion conditions give rise to a strand with a diameter of about 8 mm after 
annealing. The strand was extruded into a vessel containing an ethanol-water 
mixture (90/10 vol. %) in order to ensure homogeneous strand diameter along 
the axes of the extrusion. This procedure leads to specimens with a relative 
deviation of a diameter smaller than 2%. After extrusion the strand was an- 
nealed in a silicone oil bath at 150 °C for 20 min. This step ensures a complete 
relaxation of the thermal stress accumulated within the sample, which is nec- 
essary in order to suppress any stress history effects and obtain reliable and 
accurate rheological data. The initial length and diameter of each sample were 
Dq = 8 mm and Lq = 5 mm, respectively. The specimen's surface was etched 
by air plasma at room temperature in order to increase its surface energy. The 
samples were glued to aluminium clamps using a two-component epoxy resin 



G 



adhesive, Technicoll 8266/67. These clamps serve to fix the specimen to the 
pulling rod and the force transducer of the rheometer. At last, the specimens 
were kept in an oven at 80° C for 2 hours for a complete curing of the glue. 

2.4 Data analysis 

The first step of our data analysis procedure was to interpolate both the image 
sequence and the data acquired by the Miinstedt rheometer on a common time 
axis, so a direct comparison between the integral viscosity measurements and 
the shape of the sample under deformation can be made. Prior to analysis, 
each image has been compensated for non uniform brightness using a standard 
adaptive histogram equalization algorithm implemented under Matlab. By iden- 
tifying the edges of the sample from each image, the distribution of diameters 
along the actual length of the sample is measured. This allows the calculation of 
the stress distribution along the sample. The true tensile stress corresponding 
to each deformation state is defined by the mean of the stress distribution and 
the error bars are defined by the root mean square deviation (rms) of the stress 
distribution. 



3 Results 



3.1 On the relation between a maximum in the tensile 
stress and sample uniformity 

Previous theoretical (Wagner ct al. ( 1979|) , Wagner and Rolon-Garrido (2008)) 
and experimental (Rasmussen et al. (2005)) studies aimed high by attempting 
to explain a stress maximum in terms of the molecular scale dynamics during 
extension but very little questioned the reliability of the existing extensional 
data (particularly in relation with the sample homogeneity during extension). 
We would like to address in the following a more modest question which is deci- 
sive for a fundamental understanding of the elongational behaviour of polymer 
melts and its theoretical description: Is a maximum of the transient tensile 
stress compatible with a uniform deformation process?. By uniform deforma- 
tion we understand a uniaxial deformation at a constant rate, e, for which the 
diameter of the sample, D(t), is constant along the actual length of the sample 
L(t) (see Fig. |l|(d)) and, based on the incompressibility condition, is given by 
D u (t) — Do e~ e */ 2 . The transient stress a(t) during the extension of a real 
sample with a coordinate-dependent diameter D(z, t), Fig. |l|(d), can be written 
as an average of the local stresses along the direction of extension, z: 



a(t) 



4F(t) 



L(t) 



-dz 



(1) 



nL(t)J D*(z,t) 

Here F(t) stands for the tensile force which is coordinate independent. By a 
simple algebraic manipulation using Leibniz's theorem one can easily show that, 
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corresponding to a stress maximum ( = 0), the following condition should 



dt 

be fulfilled: 



\ 4 D 2 [L(t),t] J dt L(i) A ^ " " 1 J 

One can notice that the curly bracket on the left hand side of the equation above 
is nothing but a measure of the sample uniformity. Indeed, if one imposes the 
condition that the sample preserves its cylindrical shape at all times (D[z, t] = 
D[0,t] = D[L(t),t] = D u (t),Vz G [0,L(t)]), the left hand side of the equation 



above vanishes and the stress maximum condition reduces to vP ^ ( '' / = 
Thus, if the sample is assumed to deform uniformly (the curly bracket in the 
left hand side of Eq. vanishes) , corresponding to a stress maximum the tensile 
force should scale exponentially, F(t) oc e~ et . However, we point out that the 
tensile force may scale nearly exponentially if the rates of deformation are very 
small (note that the dL(t)/dt oc e) even in the case that the deformation process 
is non uniform (the curly bracket in Eq. 2 is non zero). To conclude, if the 
deformation process is assumed to be homogeneous and if a local maximum in 
stress is attained then, in the neighbourhood of the stress maximum, the tensile 
force should scale as an exponentially decaying function with a rate equal to the 
rate of elongation, e. The validity of the analytical condition for a maximum in 



stress is discussed in the next subsection, 3.2 



3.2 The transient tensile force and tensile stress in differ- 
ent regimes of extension 

Integral measurements of the transient elongational viscosity are presented in 
Fig. 2. The integral viscosity is obtained by measuring the transient tensile 
force, F(t), using the assumption that the diameter of the sample is indepen- 
dent on the vertical coordinate, D(z,t) — D u (t). Each data set has been ac- 
quired until the physical rupture of the sample occurred. Except for the linear 
range of deformation, ch < 1, the shape of the transient elongational viscosity 
depends considerably on the (constant) rate at which the material is deformed, 
e. Thus, depending on the rate of deformation, the integral transient viscosity 
may display either a clear maximum (curves 1-4, Fig. |J)or a monotonic increase 
(curve (5), Fig. ||). As clearly suggested by Eq. || and the discussion presented 



in Sec. 3.1, in order to understand the physical reasons underlying the viscosity 
maximum visible for the curves (1-4), one has to focus not only on the tensile 
stress but on the tensile force as well. 

In Fig. |]the transient tensile forces and stresses measured for three different 
values of the Weissenberg number, Wi, are presented. The Weissenberg number 
is defined as Wi = e ■ A. Corresponding to Wi = 1.1, the tensile stress displays 
a broad maximum, Fig. |3| (a). 

In order to connect the emergence of the stress maximum with the discussion 



presented in 3.1, we need to discuss the homogeneity of the sample around the 
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Figure 2: Transient elongational viscosities at various rates of deformation: 
(1)- e^O.6025- 1 , (2)- e = 0.015s- 1 , (3)- e = 0.02s- 1 , (4)- e = 0.025s- 1 , (5)- 
e = 0.09s- 1 . Each data set has been acquired until the physical rupture of the 
sample occurred. 



stress maximum. The force maximum visible in Fig. [}] (a) (which corresponds to 
a shoulder in the transient tensile stresses) represents the onset of a primary non- 
uniformity of the specimen, as predicted by the Considere criterion, jConsidcrc 
(1885). Such geometric non- uniformity of the sample (initially localized near 



the plates Pi ,2 of the rheometer) occurs in most of the extensional experiments 
and it is related to the rigid boundary conditions near the clamping points of the 
sample under investigation. Thus, the emergence of this effect depends little on 
the molecular structure of the material: it can be observed for rubbers, for linear 
polymer melts and even during cold drawing experiments (Ref. Strobl ( [2007 ) 
and the references therein). With increasing time the tensile stress reaches a 
maximum around en ~ 3. 

It is interesting to note that in the neighbourhood of the stress maximum 
the tensile force scales exponentially, in agreement with the derivation presented 
in Sec. 3.1. This fact deserves a brief discussion. As shown in Sec. 3.1, 
a nearly exponential scaling of the tensile force around the stress maximum 
can be found either when the sample deforms uniformly or when the rates of 
deformation are very small. Both these situations make the left hand side of 
Eq. [2] very small allowing one to solve it for a nearly exponential tensile force. 
Corresponding to the Hencky strain where the local stress maximum is observed, 
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the deformation of the sample is not homogeneous, as illustrated in the inset 
in Fig. 3 (a). Therefore, the nearly exponential scaling of the tensile force 
is due to the smallness of the deformation rate e = 0.001 s _1 solely. This 
broad stress maximum observed at very low Wi should be not be confused with 
the viscosity overshoot phenomenon which was observed in a faster regime of 



stretching where significant strain hardening effects were present, Wagner et al 



(1979), Rasmussen et al. (2005) 



A stress maximum is clearly observed at the larger rate of deformation e = 
0.05s~ 1 (Wi = 55), Fig. 3 (b). We note that we do not observe a true stress 
overshoot in the sense that the local stress maximum is not followed by a plateau. 
Based on the derivation presented in Sec. 3.1, one can easily conclude that, 
corresponding to the local maximum of the tensile stress, the deformation is 



inhomogeneous. Indeed, as shown in Sec. 3.1 if a homogeneous deformation is 
assumed then, corresponding to the stress maximum, the tensile force should 
decay exponentially. This is clearly not the case for the data presented in Fig. 
3 (b). Corresponding to e = 0.3s~ 1 (Wi = 330), a local maximum of the tensile 
stress is no longer observed: the sample breaks before the tensile stress reaches 
either a maximum or a steady state. 

In order to get a more complete picture of how the shape of the transient 
tensile force/stress is influenced by the forcing conditions and identify the de- 
formation regime where a stress maximum is observed, measurements similar to 
those presented in Fig. 3(a-c) were performed in a wide range of Weissenberg 
numbers, spanning nearly three decades. 

The results of these measurements are summarized in Fig. |] which presents 
the Wi dependence of the Hencky strains corresponding to a maximum in the 
tensile stress (the squares) and to the physical rupture of the sample (the circles) . 
The Hencky strains presented in Fig. 4 have been identified using integral 
measurements of the transient tensile force and stress, similar to those presented 
in Fig. |. 

Based on a careful inspection of the dependencies F — F(t) and a = cr(t), 
three different regimes of extension can be distinguished, Fig. [I| For Wi < 10 
the Hencky strains corresponding to a stress maximum and to the physical 
rupture of the sample are practically independent on Wi. In the deformation 
regime (I), the maximum of the tensile stress and the physical rupture of the 
sample occur at a nearly constant Hencky strain each and they are separated 
by (roughly) 0.8 Hencky strain units. We once more emphasize that the broad 
stress maximum observed within this regime can be explained as a result of 
an inhomogeneous deformation process at small deformation rates and is not 
necessarily related to the molecular structure of the material PL 

As the rate of deformation is increased (Wi > 10) a second deformation 
regime is observed. The Hencky strains corresponding to a stress maximum and 
to the physical rupture of the sample depend significantly on the Weissenberg 
number and they get progressively closer to each other as Wi is increased. This 



1 Such a broad stress maximum has been observed at the Institute of Polymer Materials 
for polystyrene melts and several polymer blends as well during elongational experiments at 
low rates of deformation. 
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Figure 3: Transient tensile forces and stresses corresponding to different regimes 
of extension: (a) e = 0.001s- 1 (Wi = 1.1) , (b) e = O.OSs- 1 ^ = 55), (b) 
e = 0.3s~ 1 (Wi = 330). The inset in panel (a) displays the image of the sample 
corresponding to the stress maximum. 
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Figure 4: Dependence of the Hencky strain corresponding to the stress maximum 
(squares) and physical rupture of the sample (circles) on the Weisenberg number, 
Wi. The vertical dotted lines delineate the extension regimes (I), (II) and (III). 
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finding suggests that the emergence of a stress maximum and the physical rup- 
ture of the sample are interconnected phenomena. An argument supporting this 
hypothesis is that, corresponding to the lower bound of the second deformation 
regime. (II), the time scale of the flow (estimated here as Tf = 1/e ~ 100 ) is 
significantly smaller than the largest relaxation time of the material, A, given 
in Table |l] as 1100 s. Thus, the deformation state corresponding to a maxi- 
mum in the tensile stress is likely to be "remembered" until the physical rup- 
ture of the sample occurs. Within the deformation regime (II), the transient 
elongational viscosity displays a local maximum which narrows as the rate of 
deformation increases. Ultimately, if the Weissenberg number is increased even 
further, Wi > 150, a third deformation regime, (III), is observed. Within this 
deformation a local maximum of the tensile stress is no longer observed and 
the Hencky strain corresponding to the physical rupture of the sample becomes 
practically independent of Wi. A more detailed characterization of the defor- 
mation regimes (I-III) in connection with different failure mechanisms will be 
presented elsewhere. This paper is mostly dedicated to the deformation regime 
(II) with a particular focus on the maximum of the transient tensile stress or 
extensional viscosity, respectively. 



3.3 Integral versus local measurements of the tensile stress 

Integral stress measurements rely heavily on the homogeneity of the deformation 
because they use the assumption that the diameter of the sample is coordinate- 
independent, D(z, t) = D u (t). As opposed to this, the local stress measurements 
using Eq. ^ can properly account for the deviations from a homogeneous defor- 
mation process. In the following a direct comparison between integral and local 
measurements of the tensile stress is presented. 

Results of such a comparison corresponding to each of the deformation 
regimes previously discussed are presented in Fig. ^. One can note that, regard- 
less the value of Wi, the integral transient viscosity lies systematically above 
the locally measured one even in a linear range of deformation, e# < 1. It has 
recently been shown that this systematic overestimation of the transient exten- 
sional viscosity in the linear range is related to the large retardation times of 



LDPE 1840 D, Burghelea and Munstedt (2009). In the nonlinear range, the dif- 



ferences between integral and local measurements of the transient elongational 
viscosity seem to increase with the rate of deformation. Corresponding to the 
second deformation regime (II) (Wi = 16.5) where the integral transient elonga- 
tional viscosity displays a maximum, the locally measured elongational viscosity 
has no maximum but seems to reach a plateau, as clearly visible in the inset of 
Fig. 5. This result has systematically been reproduced over the entire second 
regime of deformation (data not shown here), suggesting that maximum of the 
transient elongational viscosity might not be a true rheological feature of the 
material but merely an artefact related to the experimental procedure. In the 
range of high Wi, (regime III) neither a maximum nor a plateau of the tran- 
sient elongational viscosity is observed. Within this regime, the local and the 
true viscosity measurements agree qualitatively, though they are quantitatively 
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1 10 100 1000 

Figure 5: Comparison between the integral (full lines) and the locally measured 
elongational viscosity in each of the deformation regimes presented in Fig. 4: 
squares - Wi = 2.2 (regime I), circles - Wi — 16.5 (regime II), triangles - 
Wi = 300 (regime III). The error bars are defined by the root mean square 
deviation of the local stresses along the sample. The inset presents a magnified 
view of the data acquired in regime II. The vertical arrows indicate the physical 
rupture of the sample. 



different. 

3.4 Geometric non-uniformity of the sample and its rela- 
tion with the stress maximum 

In Fig. 6 we display images of the sample corresponding to each of the defor- 
mation regimes presented in Fig. |4| and at several Hencky strains. The images 
corresponding to the highest Hencky strains (the last column in Fig. ||) are the 
last images acquired prior to the physical rupture of the sample. The images 
presented in Fig. 6 have been rescaled in order to enhance the clarity of the 
presentation. However, this does not alter the main message concerning the 
geometric uniformity of the sample. 

Within the first regime of deformation (I) (first row from the top in Fig. 
H) , the shape of the sample deviates strongly from a cylindrical one. The onset 
of these geometric non-uniformities (the primary neck extended over the entire 
length of the sample) occurs at low Hencky strains (ejj < 1) and, according 
to the Considere criterion, Considere] (1885), is related to the local maximum 



in the tensile force observed in Fig. 3(a). In a range of high Hencky strains 
(e# ~ 3.5) prior to the physical rupture of the sample, secondary necks develop 
in the proximity of the midpoint of the sample as visible in row (I) panels (e-g) 
of Fig. 6. The exact location of these secondary necks is not reproducible in 
subsequent experiments. In regime (II) of deformation (second row from the 
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Figure 6: Sequence of specimen images under deformation at different Wi. The 
image rows (from top to bottom) correspond to: Wi = 2.2 (region I), Wi = 
16.5 (region II), Wi = 99 (region III). The aspect ratio of each image has 
been modified in order to enhance the clarity. The dotted squares indicate the 
location of the necks. The Hencky strains are indicated on the top of each image. 
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Figure 7: Magnified views of the necks highlighted in Fig. 6 corresponding to 
regime II (second row). 



top in Fig. 6) the geometric inhomogeneity of the sample becomes even more 
pronounced than in regime (I): above the onset of the primary necking, the 
diameter of the sample is non constant over the entire length of the sample. 
Just after a local maximum in the viscosity is observed at e# « 3.3, a secondary 
neck emerges slightly below the center point of the sample, second row, panel 
(a), Fig. | 

A magnified view of these necks is presented in Fig. fj]. 

As the Hencky strain increases, the secondary neck becomes sharper (its 
local diameter decreases rapidly ) and moves slowly along the sample. Another 
localized neck is formed at e# ~ 3.59 and this ultimately leads to the physical 
rupture of the sample in a finite time. The monotonic increase of the error bars 
during true viscosity measurements within the regimes (I, II) and corresponding 
to large Hencky strains, Fig. 5, can now be easily explained as a result of a 
systematic increase of sample inhomogeneity due to the emergence of secondary 
necks. 

The emergence of secondary necks can also explain the discrepancy between 
the integral and local transient extensional viscosity observed within the sec- 
ond regime of deformation (the circles in Fig. 5 and the inset). Indeed, af- 
ter the secondary necks are formed along the sample, the integral viscosity 
measurement which uses a position independent value of the sample diame- 
ter, D u (t) = Doexp (— ch/2), systematically overestimates the actual average 
sample diameter, D(t) = (D(z,t)) z . As a consequence, above the onset of the 
secondary necking, the integral transient elongational viscosity decreases and a 
viscosity maximum is observed. On the other hand, if the emergence of the sec- 
ondary necks is accounted for by averaging the stresses along the actual length 
of the sample, no decrease of viscosity is observed and a rather convincing steady 
state seems to be reached instead (the inset in Fig. ||). 

These experimental findings suggest that the long debated maximum of the 
transient extensional viscosity does not reflect true rheological features of the 
material and is solely related to a severe inhomogeneity of deformation states 
due to the emergence of secondary necks along the sample. This conclusion is 
consistent with the discussion presented in Sec. [Q : if the viscosity maximum 
would emerge as a true rheological feature (that is in the absence of geometric 
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inhomogeneities) than, corresponding to this maximum, the tensile force should 
scale exponentially which, as already discussed above, is not the case within 
regime (II). 

Finally, we turn our attention to the evolution of the sample inhomogene- 
ity during measurements of the transient elongational viscosity in regime (III). 
Within this deformation regime, the overall homogeneity of the sample is bet- 
ter than within the regimes (I), (II), though curvature effects are visible in the 
proximity of the plates of the rheometer, row (III), Fig. 6. In spite of a bet- 
ter sample homogeneity (no secondary necks are observed in this deformation 
regime), however, the differences between local and integral measurements of 
the viscosity are significant (the t riangles, Fig. 5). This fact deserves a brief 



explanation. As recently shown in Burghelea and Miinstedt ( 2009 ) the relative 
difference between local and integral measurements of the tensile stress is given 
by: 



where 8{z, t) 



<Ju{t) 

D(z,t)-D u (t) 



AL-\t) 



L ® S(z,t)[D u (t) + 6(z,t)] 
[D u {t)+28{z,t)Y 



dz 



(3) 



quantifies the deviation of the sample shape from 



the ideal cylindrical form and a u (t) = ^th* is the integral stress. Assuming 
£ = S(z,t) I D u (t) < 1, it can be easily shown that, to a leading order in £ 2 , 
^^TW) ~ 4£ oc exp(e/2t). This explains the increase of the relative stress 
error with the rate of deformation at a fixed time instant observed in Fig. |^. 



3.5 Comparison with results from literature 

In the following, a comparison of our experimental findings with experimental 
work performed by others is presented. The recent work by Rasmussen et al., 



Rasmussen et al. ( 2005 ) presents a detailed experimental observation of a true 



viscosity overshoot (i.e. a maximum in the extensional viscosity followed by an 
extended plateau). Whereas in our experiments a local maximum of the integral 
elongational viscosity was found during each experiment conducted in region II, 
a plateau following such maximum has never been observed. 

In order to clarify the reasons underlying this discrepancy, we first point out 
several similarities and differences between our experiments and those reported 
in Rasmussen et al. (2005). The material used in both experiments was the 



same, namely Lupolen 1840 D, and the temperaturea during the experiments 
were quite comparable: T = 140°C for our experiments and T = 130°C for the 



experiments reported in Rasmussen et al (2005). Within 10 degrees difference in 
temperature, we do not expect a significant change in the qualitative behaviour 
of the transient extensional viscosity. To check this, additional integral viscosity 
measurements (these findings will be published elsewhere) have been conducted 
in a wide range of temperatures (from T = 130°C to T — 190°C) and a wide 
range of deformation rates (from 0.001s -1 up to 0.3s _1 ) but whenever a viscos- 
ity maximum was present it simply led to the physical rupture of the sample 
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without any hint of a plateau regime. Therefore, we rule out the temperature as 
a decisive factor for the emergence of the viscosity plateau. There are, however, 
several other differences between the two approaches compared here. Whereas 
during our experiments the sample under investigation was immersed in an oil 
bath in order to minimize the buoyancy effects, the experiments presented in 



Rasmussen et al. (2005) were performed in air and a correction for the gravity 
effects was employed, [Bzabo (1997), Szabo and McKinley ( 2003| ). However, as 
this correction only subtracts the weight of the sample from the measured tensile 
force, it cannot be responsible for the "true overshoot" behaviour observed by 
Rasmussen et al. To sum up the arguments above, we believe that the disagree- 
ment between our experimental findings and those reported by Rasmussen et al. 
has little or nothing to do with the preparation of the samples, the operating 
temperature and the design of the extensional apparatus. In a last attempt to 
understand this discrepancy, we compared our data analysis proced ure (see the 



description in Sec. 2.4) with the procedure used by Rasmussen et al, Rasmussen 
et al. (2005). There exists a fundamental difference between the two approaches. 
Whereas we have defined the Hencky strain using the actual length of the 



sample, en(t) = In 



L{t) 



and measured it accordingly by monitoring the po- 



sition of the top plate of the rheometer, Rasmussen et al. have defined it as 
e* H (t) = -2Zr 



i(t) 



-Dn 



, using the middle plane diameter of the sample, D mic i(t). 
It is obvious that in the case of uniaxial extension at a constant rate of defor- 
mation(in time and along the entire sample), the two ways of calculating the 
Hencky strain are entirely equivalent. In the case of the experiments presented 
in this paper, however, one clearly deals with a geometrically non-uniform de- 
formation process which ultimately translates into a strong deviation from the 
idealized uniaxial case. This experimental fact is illustrated in Fig. |^ where one 
can clearly see that, within the second deformation regime (the second row from 
the top), the sample is far from being cylindrical when a viscosity maximum 
is observed. The impact of the geometric non-uniformity of the sample on the 
kinematics of the deformation process is illustrated in Fig. ||. 

Above the onset of the primary non-uniformity of the sample (the first maxi- 
mum of the tensile force which corresponds here to t 24s), the strain becomes 
strongly localized along the sample. This can be clearly noticed in Fig. 8 (a) 
where the time dependencies of the minimum sample diameter D m i n , the aver- 
aged (along the actual length of the sample) diameter D av and the maximum 
sample diameter D max are displayed together with the diameter corresponding 
to a uniform deformation at constant rate (the full line). The comparison be- 
tween the Hencky strains e# and e* H is presented in Fig. || (b). At late stages 
of the deformation process (after the viscosity overshoot is observed) the local 

dD mi „(t) 



slope 



increases drastically suggesting that the highest rate of material 



deformation corresponds to the necked region of the sample. During our exper- 
iments, the neck is roughly located around the middle of the sample (though 
sometimes additional necks may emerge in other places), which is precisely the 



point where Rasmussen et al. measure the diameter of the sample, Rasmussen 
3). Although in Ref. Rasmussen et al. (2005) a feedback mechanism 



et al 
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Figure 8: (a) Time dependence of the minimum diameter of the sample (circles), 
the average diameter (squares) and the maximum diameter (triangles), (b) 
Time dependence of the Hencky strain (calculated using the minimum diameter 
of the sample, D m i n ), e* H . The full line is the Hencky strain measured using 
the actual length of the sample, e h ■ The data were acquired at constant rate 
of deformation, e = 0.015 s _1 . 
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Figure 9: Comparison between the transient elongational viscosity measured 
by our averaging method (squares) and the transient elongational viscosity ob- 
tained following the procedure of Rasmussen et al., Rasmussen et al. (2005) 
(circles). 
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has been employed to ensure a constant rate of decay of the mid sample diame- 
ter, the assessment of the transient elongational viscosity remains conceptually 
problematic, because it implies combining an integral quantity (the measured 
tensile force which reflects the response of the entire sample under deformation) 
with two locally measured (around the neck!) kinematic quantities: the strain 
and the rate of deformation. In order to clearly illustrate this, we analyse in 



t he fo llowing our data using the procedure described in Ref. Rasmussen et al 
( 2005 ). The result of such an analysis is presented in Fig. [)] (circles) together 



with the true extensional viscosity obtained by our method (squares). The ex- 

t) 

, d ('g(") 



tensional viscosity fj,f is defined as ^(t) = 4f (*) , — One can clearly 



7r(D mtd (t)y 

see that the two data analysis procedures applied to the same raw data (namely 
the same force signal and the same sequence of sample images) yield strikingly 
different results. Whereas our procedure hints to a plateau of the transient 
elongational viscosity, the procedure employed in Ref. Rasmussen et al.| ( [2005 ) 
leads to a clear viscosity overshoot behaviour: a viscosity plateau following the 
viscosity maximum is now visible up the e* H = 5. 

As a conclusion, the discrepancy between our transient viscosity measure- 
ments and the results presented by Rasmussen et al. originates in the differences 
between the two approaches: whereas we have used an integral definition for the 



Hencky strain and averaged the tensile stress along the sample, Ref. Rasmussen 
et al. (2005|) used local values for both the Hencky strain and the stress. 



4 Conclusions 

A systematic investigation of the long debated "viscosity overshoot" during the 
uniaxial extension of a strain hardening polymer melt was presented. The math- 
ematical condition for the tensile stress to have a local maximum is presented 



in Sec. 3.1, using no other assumptions except the differentiability of both the 
tensile force and the tensile stress. According to Eq. |[ a local stress maximum 
may be observed during a homogeneous deformation process only if the tensile 
force scales exponentially around this maximum. If the deformation process is 
not homogeneous, a stress maximum and an exponential scaling of the tensile 
force may still be observed if the rates of deformation are small. These theo- 
retical considerations are investigated experimentally corresponding to voarious 
deformation regimes. Depending on the magnitude of the Weissenberg number, 
we identify three distinct deformation regimes. At low Wi, (regime (I), Fig. Q) 
the integral tensile stress displays a broad maximum, Fig. |(a). In the neigh- 
bourhood of the stress maximum, the tensile force decays nearly exponentially 
with a rate set by the deformation rate, e. As within this regime the deforma- 
tion is inhomogeneous (Fig. ^|, row I), this nearly exponential scaling can only 
be explained, according to Eq. |2|, by the smallness of the deformation rate. The 
stress maximum observed in regime I should not be confused with the viscosity 



overshoot phenomenon, which was observed at substantially larger Wi, Wagner 
st al. ( 1979| ), Rasmussen et al. ( 2005| ). We observe such a viscosity maximum 
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for intermediate values of Wi, in regime II, Fig. 4. This maximum is clearly 
not consistent with a homogeneous deformation process, because in the neigh- 
bourhood of this maximum the tensile force does not scale exponentially, Fig. 
3 (b). As suggested by the convergence of the stress maximum and physical 
rupture lines (the Hencky strains corresponding to the physical rupture of the 
sample) visible in Fig. 4 within regime (II), the two phenomena are intercon- 
nected: the viscosity maximum is just a precursor of the physical rupture of the 
sample. Indeed, real time imaging of the sample confirms that right above the 
stress maximum, secondary necks develop along the sample leading to sample's 
rupture, Fig. 6, row II. Based on the images of the sample, we measure the 
true tensile stress by averaging the local stresses along the actual length of the 
sample. Whereas in regime (II) the integral elongational viscosity displays a 
clear maximum, the true viscosity measurements (which properly account for 
the presence of necks along the sample) indicate a plateau instead. Therefore 
we conclude that the viscosity maximum is merely an experimental artefact 
introduced by the strong geometric inhomogeneity of the sample. In the fast 
stretching limit (regime III, Fig. 4), the homogeneity of the sample is better 
preserved (Fig. [| row III) and no viscosity maximum is observed, Fig. ||(c). 

Finally, our experimental findings are compared with a recent experimen- 
tal investigation of the viscosity overshoot phenomenon by Rasmussen et al., 
Rasmussen et al. ( 2005| ). 



The discrepancy between the true extensional viscosity measurements pre- 
sented in this paper and the results presented in Ref. Rasmussen et al. ( [2005 ) 



is explained by differences in the data analysis procedure. As clearly illustrated 



in Fig. 9, using the same procedure as in Rasmussen et al. (2005), one can 



qualitatively reproduce a viscosity overshoot behaviour as well. 

As a final conclusion, neither a local maximum in the transient elongational 
viscosity nor a true viscosity overshoot behaviour are, according to our study, 
real rheological features but they only emerge as artefacts due to the strong 
geometric non-uniformity of the sample at high Hencky strains. The main is- 
sue responsible for these artefacts is the geometric inhomogeneity of the sample 
which becomes critical when secondary necks are formed. Existing experimental 
work on extensional rheology melts in a non-linear range should be reconsidered 
particularly in relation with the inhomogeneity of sample deformation. Theo- 
retical work should take these findings into account. 

Aici trebuie sa adaug calculele 
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List of Figures 



• Fig.l: (a) Schematic view of the experimental apparatus: C- oil bath, Pi 
and P2 - top and bottom plates of the rheometer, S- the sample under 
investigation, M- AC servo motor, D- the control drive of the rheometer, 
PCi 2 - personal computers, TL- telecentric lens, CCD- video camera, 
(b) Sample illumination and imaging: LSi and LS2- linear light sources, 
S- the sample under investigation, (c) Example of a telecentric sample 
image corresponding to en = 2.7. The field of view was actually larger 
but the image has been cropped for clarity reasons, (d) Principle of the 
local measurements of the extensional viscosity. The vertical dotted lines 
represent the contour of an ideal uniform sample. 

• Fig. 2: Transient elongational viscosities at various rates of deformation: 
(1)- e = 0.002s" 1 , (2)- e = 0.015s- 1 , (3)- e = 0.02s- 1 , (4)- e = 0.025s- 1 , 
(5)- e = 0.09s- 1 . Each data set has been acquired until the physical rup- 
ture of the sample occurred. 

• Fig. 3: Transient tensile forces and stresses corresponding to different 
regimes of extension: (a) e = 0.001s _1 (Wz = 1.1) , (b) e = 0.05s _1 (Wi = 
55), (b) e = 0.3s -1 (Wi = 330). The inset in panel (a) displays the image 
of the sample corresponding to the stress maximum. 

• Fig. 4: Dependence of the Hencky strain corresponding to the stress maxi- 
mum (squares) and physical rupture of the sample (circles) on the Weisen- 
berg number, Wi. The vertical dotted lines delineate the extension regimes 
(I), (II) and (III). 

• Fig. 5: Comparison between the integral (full lines) and the locally mea- 
sured elongational viscosity in each of the deformation regimes presented 
in Fig. [|: squares - Wi = 2.2 (regime I), circles - Wi = 16.5 (regime II), 
triangles - Wi = 300 (regime III). The error bars are defined by the root 
mean square deviation of the local stresses along the sample. The inset 
presents a magnified view of the data acquired in regime II. The vertical 
arrows indicate the physical rupture of the sample. 

• Fig. 6: Sequence of specimen images under deformation at different Wi. 
The image rows (from top to bottom) correspond to: Wi — 2.2 (region I), 
Wi = 16.5 (region II), Wi = 99 (region III). The aspect ratio of each image 
has been modified in order to enhance the clarity. The dotted squares 
indicate the location of the necks. The Hencky strains are indicated on 
the top of each image. 

• Fig. 7: Magnified views of the necks highlighted in Fig. || corresponding 
to regime II (second row). 

• Fig. 8: Time dependence of the minimum diameter of the sample (circles), 
the average diameter (squares) and the maximum diameter (triangles). 
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(b) Time dependence of the Hencky strain (calculated using the minimum 
diameter of the sample, D m i n ), e* H . The full line is the Hencky strain 
measured using the actual length of the sample, e h- The data were 
acquired at constant rate of deformation, e = 0.015 s . 

Fig. 9: Comparison between the transient elongational viscosity measured 
by our averaging method (squares) and the transient elo ngational viscosity 



obtained following the procedure of Rasmussen et al., Rasmussen et al 



( 120051 ) (circles). 
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